We describe a model for analytic analysis of transients in multicavity klystron output power and phase. Cavities are modeled as resonant circuits, while bunching of the beam is modeled using linear space-charge wave theory. Our analysis has been implemented in a computer program which we use in designing multicavity klystrons with stable output power and phase. We present as examples transient analyses of a relativistic klystron using a magnetic pulse compression modulator, and of a conventional klystron designed to use phase shifting techniques for RF pulse compression.
INTRODUCTION
Large linear electron colliders require high power short pulsed RF sources in order to attain accelerating gradients of 100-200 MV/m. Two techniques being developed to supply this RF are relativistic klystrons with modulators using magnetic pulse compression, and conventional klystrons using phase shifting techniques for RF pulse compression. The RF power and frequency range being explored is 100-500 MW at 11-17 GHz.
The RF output pulse length desired is 50-100 nsec, making the transient behavior of the multicavity klystrons employed in both approaches important. This paper describes a model for analytic analysis of transients in multicavity klystron output power and phase. Cavities are modeled as resonant circuits, while bunching of the beam is modeled using linear space-charge wave theory. The model has been implemented in a computer program which is used in designing multicavity klystrons with stable output power and phase.
RF CAVITIES
Each beam loaded klystron cavity is modeled as a parallel network of cavity and beam loading impedances as shown in Fig. 1 . External resistance Re includes additional resistive loading by iris-coupled waveguides. The RF driver connected to the input cavity typically consists of a power source, isolator, waveguide, and coupling iris. The driver is modeled as a generator of alternating current Ig = igeiut with shunt resistance Re attached to the beam loaded input cavity (Fig. 1) . Downstream cavities are driven by the bunched beam current.
The RF voltage on a cavity is V ( t ) = c(t)eiwt where c ( t )
is the transient modulation of the RF oscillation eiwt. The transient behavior of V ( t ) is calculated from the circuit equation 
( t ) .
The total quality factor Q for resistive beam loading of the cavity is composed of contributions from cavity walls ( Q o ) , from beam loading (Qb), and from coupling to external waveguides ( Q e ) . Total Q is given by Velocity modulation is initiated by an external R F driver coupled by a waveguide to the klystron input cavity. The driver in general is not matched perfectly to the input cavity impedance which is time dependent due to the transient beam loading. If the driver is switched on long before the beam enters the input cavity, the input cavity voltage builds up to an asymptotic value which can be determined from the available drive power and the impedance mismatch as follows: The driver is modeled as a generator of alternating current Z, = jgetwt with shunt resistance Re = (R/Q)Qe attached to the beam loaded input cavity (Fig. 1) . The beam loaded input cavity has impedance
The fraction of available drive power that enters the input cavity is 1 -[TI2 where r = ( 2~ -Re)/(Z~ + R e ) is the voltage wave reflection coefficient. The asymptotic peak voltage on the input cavity produced by available rms drive power P has the same phase (relative to i,) as the total impedance through which I, flows. The total impedanceis ZT = (ZL-'+R,-')-'. The phase of the asymptotic peak voltage on the input cavity produced by the generator then is
The asymptotic peak voltage on the input cavity then is
Assuming the fields produced in the input cavity by the RF generator have reached equilibrium before the beam turns on, the voltage V ( t ) on the input cavity at t = 0 just before the beam enters is V(0) = V, and V ( 0 ) = iwVd.
Alternatively, the transient due to switching on the generator is analyzed using the input cavity initial condition V(0) = Each downstream cavity is driven only by the beam and has V ( 0 ) = 0. V = 0 and V = 0 before the beam enters.
Driving Term
The rate of change in current Z that drives the voltage on a cavity appears on the right side of Eq. The space-charge potential of a long bunch of charge density assuming the longitudinal dimension ( 2 ) of the bunch is long compared to the radial dimension ( r ) so that end effects can be neglected. The longitudinal space-charge force in the frame moving with the beam at velocity uniform radial current distribution Note that when averaged over a
Wave Equation
The longitudinal space-charge force produces space-charge waves on the beam. The space-charge wave equation can be derived from the linearized continuity equation in the coordinate frame moving with the beam at velocity WO with respect to the klystron, where the charge density p and the velocity w are both sums of a constant term and a small modulation: p(z, t ) = po + p1(z, t ) and v ( z , t ) = q + q ( z , t ) . In the beam frame, the beam velocity is q(z, t ) . where the phase velocity U+ of space-charge waves is given by
The beam current is Io = poPocira2.
Space-Charge Wavelength
Space-charge wavenumber and wavelength are computed from the phase velocity (10) by averaging, as in Eq. In the drift downstream from a cavity, space-charge waves evolve on the beam according to Eq. (13) with boundary conditions given by the cavity voltage. Bunching evolves on the scale of X,/4.
In klystron designs, intercavity spacings are somewhat less than X,/4, making the overall lengths of klystrons scale with A, tirnes the number of cavities.
The transient calculation for a multicavity klystron is outlined in Fig. 2 . For each cavity in sequence from input t o output, the time dependent RF cavity voltage produced by the RF generator (for the input cavity) or the bunched beam (for the intermediate and output cavities) is calculated from Eq. (3) using the appropriate initial condition and driving term as discussed above. The voltage solution is used to compute from Eq. (13) the resulting RF modulation of the beam current at the downstream cavities. The RF current used t o drive each cavity in the calculation is the phasor sum of RF currents from all cavities upstream. The output RF power is computed from the output cavity RF voltage as IV(t)I2/2Re. The output RF phase relative to the RF generator is tan-' (ImV(t)/ReV(t)). Phase shifting techniques for RF pulse compression are under development at SLAC.3 A 100-MW conventional klystron at 11.424 GHz has been designed for use in these experiments! Figure 4 shows our analysis of the transients due to switching on the RF generator in the presence of a DC beam, and then due t o reversing the generator phase after the switch-on transient has subsided.
SUMMARY
We have described a model for analytic linear analysis of transients in multicavity klystron output power and phase. We have presented as examples our transient analyses of two multicavity klystrons designed for applications in which fast risetime and stable output power and phase are important. 
